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Introduction
The release of methane gas from coal beds creates the potential for it to move into near-surface environments through natural and human-made pathways. Natural pathways include fractures through the rock layers and voids between the grains of rock. Human-made pathways can be created when different types of wells are drilled. Methane is a combustable gas and can catch on fire if airborne concentrations exceed 5 percent (Eltschlager and others, 2001, p. 34-37) . To help ensure the safety of communities and determine the potential effects of development of coal-bed resources, the U.S. Geological Survey and the Utah Department of Natural Resources, Division of Oil, Gas, and Mining, cooperated in a program to monitor methane gas concentration in soils and ground water in areas of coal-bed methane production. Initial findings from the monitoring program are discussed in a fact sheet by Naftz and others (1998) .
Monitoring of methane gas in soils and ground water at selected locations in Carbon and Emery counties in Utah began in 1995 in response to commercial development of coal-bed methane resources from geologic formations that extend along the western edge of the San Rafael Swell in an area commonly referred to as the Ferron coal trend. The coal trend extends underneath the towns of Price, Huntington, Castle Dale, Ferron, and Emery ( fig. 1 ). Methane is generated as a byproduct during formation of coal and is released as gas when ground water is pumped from geologic formations that contain coal beds. Boreholes are used to remove ground water and recover liberated methane. Substantial amounts of methane have been recovered from the Ferron trend coal beds since the early 1990s.
Purpose and Scope
This report tabulates, summarizes, and interprets the results of methane monitoring of soils and ground water in Carbon and Emery Counties, Utah, from 1995 to 2003. A description of collection and analytical procedures used for soil gas and ground water samples is presented in the appendix. Generalized area of coal-bed methane development, Carbon and Emery Counties, Utah, 1985 Utah, -2003 . S a n R a f a e l S w e l l 
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Physical Setting
Coal originates as plant matter deposited in swamp-like environments that then decays as it is buried and compressed over geologic time. Methane from the Ferron coal trend is produced from coal beds and sandstone in the Ferron Sandstone Member of the Mancos Shale and in the Blackhawk Formation of the Upper Cretaceous Mesaverde Group. Depth to these formations from land surface ranges from 1,000 to 4,500 ft (Tabet and others, 1995; Stevens, 1993) . Methane is recovered through boreholes that are drilled into the formations with a variety of different drilling, completion, and extraction technologies (Stevens, 1993) . Gas is released when hydrostatic pressure created by overlying water is reduced. Hydrostatic pressure is reduced by pumping water out of the formations. Almost all of this water is currently (2006) disposed of by injecting it into geologic formations located thousands of feet below the Measverde Group.
Well-Field History and Development
Pilot development of coal-bed methane resources began near Price, Utah, in 1985. By 1991, methane production had spread south toward Orangeville and Ferron and as of November 2003, there were 772 coal-bed methane wells. Regulatory agencies continue (2006) to receive applications to drill additional coal-bed methane wells in the area, although at a much slower pace than in the past. The eventual number of wells will be determined primarily by the physical and economic limitations of the gas resource.
Peak production occurred in 2002 and was about 102 billion cubic feet of methane for the year. Gas production from 1985 through 2003 is shown in decatherms in figure 2. Decatherm is the unit used in most natural gas billing and is a measure of the heat produced when methane is ignited. The conversion from volume of methane gas to decatherm is made with the assumption that the heat value of methane from the Ferron coal trend is 1,000 British Thermal Units (BTU) per cubic foot of methane.
Monitoring Program
The monitoring described in this report began in 1995 and lasted through 2003. The program focused on established production-well sites and methane-gas production fields near residential areas. A priority was to identify and quantify trends and establish baseline methane concentrations in the soil and (or) ground water for future comparison. A core of twenty perimeter sites was established around Price, Huntington, Orangeville, and Ferron ( fig. 3) . These sites were monitored annually to determine whether or not methane concentrations were increasing near populated areas. Additional sites were established to monitor expanding areas of production and newly drilled production wells. A total of 420 shallow (2-to 4-ft depth) soil-gas and ground-water samples were collected from 174 soil and 15 ground-water sites ( figs. 3 and 4) . Summary statistics of methane concentrations for five areas of coal-bed production ( fig. 3 ) are listed in table 1. Multiple samples were collected at 75 sites. Data describing site locations, sampling specifics, and methane concentrations are reported in tables 2-4, located at the back of this report. Sample collection and analysis procedures are described in the appendix, which is also located at the back of this report.
Methane Gas Concentrations
The average measured methane concentration for the monitoring period (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) was 2,740 parts per million by volume (ppmv); the median concentration was less than 10 ppmv. For calculation of summary statistics, sample values below the minimum detection limit or greater than the maximum detection limit were assigned the value of the detection limit. Two hundred and ten samples (52 percent of the sample set) had concentrations that were less than the detection limit. Twenty samples (5 percent of the sample set) had concentrations greater than 10,000 ppmv. On the basis of spatial and temporal methane concentration data collected during the monitoring period, there does not appear to be an obvious, widespread, or consistent migration of methane gas to the near-surface environment.
Inside buildings, methane-gas levels greater than 10,000 ppmv are potentially dangerous; in open air, methane levels above 50,000 ppmv can result in combustion of the air (Eltschlager and others, 2001, p. 34-37) . At a concentration of less than 5,000 ppmv, methane poses no immediate threat (Eltschlager and others, 2001, p. 34-37) .
Summary statistics of methane concentrations for five areas of coal-bed production ( fig. 3 ) are listed in table 1. None of the production areas had average concentrations that are considered to be dangerous (greater than 5,000 ppmv). The median concentration for all areas is less than the average value, indicating that most values in the sample set are less than that average value. Twenty samples from 11 sites had methane concentrations that exceeded 10,000 ppmv. Those Number of coal-bed methane gas-production wells and annual methane-gas production from the Ferron coal trend, Carbon and Emery Counties, Utah, 1985 Utah, -2003 . 1985 1986 1987 1988 1989 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 
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YEAR-END WELL COUNT
Number of wells Methane-gas production 1,200 120
Figure 3.
Location of sites where samples were collected and analyzed for methane concentration in Carbon and Emery Counties, Utah, 1995 Utah, -2003 . At 75 sites, soil-gas samples were collected multiple times during the monitoring period. These data show a general trend of decreasing methane concentration over time. At sites where a concentration of 10,000 ppmv or greater was measured at some time during the monitoring period, the most recent repeat measurements averaged 23 ppmv methane. Methane concentrations over time at sites with the highest concentrations (greater than 100,000 ppmv) are shown in figure 5 . These high concentrations might be associated with disturbances to the geohydrologic conditions that occur during drilling of coal-bed gas wells or problems with well maintenance. High methane concentrations are commonly observed shortly after drilling. If wells are properly constructed and maintained, concentrations that result from drilling geneally decrease and remain low over time.
At 15 of the 75 sites where temporal data were collected, soil-gas methane concentrations were inconsistent. Variations on the order of 10 to 1,000 ppmv were measured from year to year and showed no consistent increasing or decreasing trends. Eight of these sites are located in the Orangeville/Ferron area. Changes of this type and magnitude, associated with this monitoring program, are likely a result of (1) intermittent Number of methane-gas monitoring sites measured annually, Carbon and Emery Counties, Utah, 1995 Utah, -2003 . Table 1 . Summary statistics of methane concentration for five areas of coal-bed production, Carbon and Emery Counties, Utah, 1995 Utah, -2003 [ppmv, parts per million by volume; <, concentration is less than the minimum detection limit of the analytical equipment; >, concentration is greater than the minimum detection limit of the pumping at the methane-gas well prior to sampling; (2) variations in climatic conditions including temperature, barometric pressure, and soil moisture (Rose and others, 1979); and (3) inherent uncertainties associated with field collection and analysis of soil-gas samples (table 3) . Monitoring of methane concentration in ground water was limited. An initial inventory of coal-bed methane production areas in 1995 resulted in sample collection from 14 sites that included springs, drains, and ponds. 
Summary
To help ensure the safety of communities and determine the potential effects of development of coal-bed resources, the U.S. Geological Survey and the Utah Department of Natural Resources, Division of Oil, Gas, and Mining, cooperated in a program to monitor methane concentrations in soils and ground water in areas of coal-bed methane production. The monitoring program began in 1995 and lasted through 2003. Commercial development of coal-bed methane resources began in the early 1990s from geologic formations within the Ferron coal trend. The monitoring program focused on established production-well sites and methane-gas production fields near residential areas. A core of twenty perimeter sites was established around Price, Huntington, Orangeville, and Ferron and monitored annually. Additional sites were established to monitor expanding areas of production and newly drilled production wells. A total of 420 shallow (2-to 4-ft depth) soilgas and ground-water samples were collected from 174 soil and 15 ground-water sites. Multiple samples were collected at 75 sites. The average measured methane concentration for the monitoring period was 2,740 parts per million by volume (ppmv); the median concentration was less than 10 ppmv. On the basis of spatial and temporal methane concentration data collected during the monitoring period, there does not appear to be an obvious, widespread, or consistent migration of methane gas to the near-surface environment. Model 311 Portable Gas Chromatograph, which was considered for this monitoring program to have a minimum detection limit of 1 ppmv. When no methane was detected at a sample site, a value of either less than 10 ppmv (<10) or less than 1 ppmv (<1) is reported. Both analytical instruments were considered for this monitoring program to have a maximum detection limit of 100,000 ppmv. When analysis of a gas sample resulted in a value that exceeded 100,000 ppmv, the value is reported as greater than 100,000 (>100,000). A dash (-) indicates no sample was collected. Area: Refers to areas delineated in figure 3 ] Remember to save the job file using the File drop down menu.
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If the HNU 311 starts to beep and the beeping cannot be stopped, the power must be manually cycled. This is a known HNU 311 bug. Follow the steps below:
Remove the HNU 311 from case.
Disconnect ground cable.
On left side top, slide out first circuit board and push it back in. This power cycles the board and should stop the beeping.
In the field, the HNU 311 is calibrated each day prior to any sample collection and intermittently throughout the day depending on drift, response, and circumstances. If the standard is different from that used during initial setup, the concentration is adjusted with Peakworks. The HNU 311 is a delicate instrument and is transported in the cab of the field vehicle and disconnected from all external gas-supply lines between site visits. The oven is turned off between sites, but a small amount of nitrogen (from the internal tank) is kept flowing through the column to cool it down and prevent ambient air from diffusing into the column. The HNU 311 is powered by a gas generator with a rating of at least 2,000 watts. Ultra-pure-grade nitrogen is the carrier gas, and hydrogen gas is used for the FID. Standard-size cylinders containing each of these gases are transported to the field to refill the smaller internal HNU 311 gas bottles (as described in the instruction manual for HNU 311).
Calibration gas enters the instrument at the inlet port labeled "CAL GAS IN" through a short tube hooked directly to the calibration gas pressure tank. Soil-gas samples are inlet to the HNU 311 at the port labeled "SAMPLE PUMP IN" by using a 30-ft length of 1/8-in. OD gas-impermeable nylon tubing attached to the top of a perforated steel tube that has been driven into the ground (see "Sample collection" section of the appendix). The HNU 311 has an internal pump that pulls a sample in through the tubing. A small air filter (or piece of foam) is inserted in the line between the steel tube and the 1/8-in. nylon tubing to prevent dust and other detritus from being sucked into the HNU 311. Flow rate of the internal pump is 250-300 cm 3 /minute at the inlet (p. 3-9 of the instruction manual) and the tube is pumped for 2 minutes to ensure that air in the tube is from the surrounding soil and that there is no residual methane in the steel tube and line from previous samples or ambient air. The gas volumes in the steel and connecting tubing are:
Volume is calculated as Pi*radius 2 *length. Based on outside diameter, the steel tubing volume is: Consecutive readings are made at a site until there is a discrepancy of less than 10 percent between readings. Normally, this requires three to six measurements. The last measurement is reported as the methane soil-gas concentration for the site. Local ambient-air methane measurements were obtained after the analysis of soil gas.
For ground water, the dissolved gas is separated from the water sample by using a gas bottle capped with septum (see "Sample collection" section of the appendix). A known gassample volume is withdrawn from the sample-bottle headspace
